54, No. 3, pp. 1936 No. 3, pp. -1946 No. 3, pp. (1996 . The present invention relates to a low-dimensional plasmon-light emitter, which can produce low-dimensional plasmon-light with an arbitrary energy over a broad range from a far-infrared region to an ultraViolet region.
2. Description of Related Art When carriers are recombined at p-n junctions of a Semiconductor or relaxed from an excited State to a ground State, luminescence is emitted. The luminescence is used in various fields, e.g. Sensors, light emitters and display devices. Since an energy level of a Substance is Substantially determined in correspondence with its composition and Structure, a luminescent energy is nearly constant in relation with the type of Substance. According to prior art references, luminescent energy is varied by Selection of a Substance or combination of Substances. That is, production of lumines cence with an arbitrary energy is theoretically impossible, unless the type of Substance or combination of Substances is changed.
Furthermore, Surface-plasmon is excited by resonating a charge density wave, which exists on a metallic Surface, with light. Surface-plasmon has been applied to various Sensors for detecting or measuring refractive indeX or absorptance of liquids, mono-molecular films, Solid Surfaces and So on. Application of the Surface-plasmon luminescence to laser diodes is disclosed in WO 94/13044A.
Surface-plasmon luminescence is limited to light emis Sion with an energy near a frequency of the Surface-plasmon (calculated as a Square root of a bulk-plasma frequency).
Change of a luminescent energy necessitates Selection and ultra-micronization of a material. However, the luminescent energy is mostly limited to an ultraViolet region with poor mono-chromaticity, even when the material is properly Selected or prepared as fine particles.
On the other hand, low-dimensional plasmon originating in a fluctuation of a charge of density wave has the feature that its energy can be varied over a broad range in corre spondence with its frequency. Such low-dimensional plas mon localizes in a two-dimensional or a one-dimensional Structure. In this Sense, production of luminescence with an arbitrary energy over a broad range from a far-infrared region to an ultraViolet region is estimated by changing a nanostructure in the same material without the necessity of a Selection or combination of Substances corresponding to an objective luminescent energy.
BRIEF SUMMARY OF THE INVENTION
The present invention is directed to a light emitter, which can produce low-dimensional plasmon-light over a broad range from a far-infrared region to an ultraViolet region. An object of the present invention is to incorporate a periodic nanostructure in a low-dimensional conductive Structure, which is Suitable for generation of low-dimensional plasmon with controlled thickness and width.
The present invention proposes a low-dimensional plasmon-light emitter, which has a low-dimensional con ductive Structure for generation of low-dimensional plasmon inside or in a Surface layer of a Semiconductor or dielectric. A periodic nanostructure, which has a periodicity corre sponding to a real space periodicity D (=2L/q), wherein a wavenumber q gives a specified luminescent energy (h/27t) () in a wavenumber-energy curve of low-dimensional plasmon, is incorporated in the vicinity of or inside the low-dimensional conductive Structure. In the formula of (h/2t)co, his Planck's constant in quantum mechanics and defined by the formula of:
The low-dimensional conductive Structure may be a quan tum well formed inside a Semiconductor or dielectric, a Space-charge layer formed in the vicinity of a Surface or heterojunction of a Semiconductor or dielectric, a Surface or interfacial electronic band with high carrier density formed in the vicinity of a Surface or heterojunction of a Semicon ductor or dielectric, an epitaxial layer of a metal film, a conductive molecule or a polymer and a low-dimensional conductive structure present in an oxide Superconductor or other inorganic Substance. The periodic nanostructure may be nano-fabricated fine metallic wires, a periodic structure Such as etch pits, a periodic structure of a film formed on Surfaces with atomic Steps or a periodic structure which is Self-organized during epitaxial growth or polymerization of an organic molecule or polymer. The vibration energy co, is finite at q=0 and Substantially deviates to a positive side with an increase of the wavenum ber q. As a result, the vibration frequency co(q) is limited to the plasma frequency colo at most. Plasmon is not generated due to Landau damping at a wavenumber q more than Fermi wavenumber q of a Substance. In short, three-dimensional plasmon has an energy close to the value of coo, as shown in FIG. 1. On the other hand, low-dimensional plasmon that origi nated in a charge density wave localized in a one dimensional Structure or two-dimensional plasmon that originated in a charge density wave localized in a two dimensional plane has a vibration energy distribution quite different from the three-dimensional plasmon. For instance, energy dispersion of two-dimensional plasmon between two dielectricS with dielectric functions 6, 6 approximated by the following formula, wherein N is two-dimensional carrier density, m* is effective carrier mass and , is a component of a wavenumber in parallel to a two dimensional Surface Structure, as disclosed in PhyS. Rev. Lett. 18, pp. 546-548 (1967) . The Specified energy dispersion means that a plasmon energy can be generated over a broad range from a far infrared region to an ultraViolet region by proper Selection of a Substance, which has two-dimensional carrier density N., effective carrier mass m and permittivities 6, 6 each suitable for the purpose, as shown in FIG. 3 .
One-dimensional plasmon has energy dispersion approxi mated by the following formula, wherein N is one dimensional carrier density and a is a constant, as disclosed in Phys. Rev. B., pp. 1936 Rev. B., pp. -1946 Rev. B., pp. (1996 . Therefore, a plas mon energy is generated over a broad range from a far infrared region to an ultraViolet region by proper Selection of a Substance.
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The energy of the low-dimensional plasmon is varied from Zero to a large extent as a function of plasmon momentum, as mentioned above. However, a dispersion relation of the low-dimensional plasmon does not croSS a dispersion relation of an electromagnetic wave except for Zero energy. Therefore, the plasmon energy can not be converted to a luminescent energy under normal conditions.
In this regard, a periodic nanostructure is incorporated inside or in the vicinity of a low-dimensional conductive Structure, in order to enhance combination of plasmon with light, resulting in production of plasmon luminescence. The periodic nanostructure in this Specification means a Structure, which has a periodicity corresponding to a real Space periodicity D(=2L/q), wherein a wavenumber q gives a specified luminescent energy (h/27t)co in a wavenumber-energy curve of low-dimensional plasmon. (FIG. 4) , which is incorporated in a Surface layer of or inside dielectricS 1 and 4 by nano fabricating, or periodic structures (FIGS. 5 and 6), which are incorporated in a low-dimensional conductive Structure 3 at an interface between dielectrics 1 and 4, are Suitable for the purpose. The periodic nanostructure 5 or the low dimensional conductive Structure 3 with the periodic nano Structure has a pattern unit repeated with a predetermined pitch D. Plasmon momentum q capable of coupling with an electromagnetic wave is controlled by the periodic pat tern with the pitch D. Consequently, luminescence with a predetermined energy (h/27t)ct) or hv is produced by Selec tively coupling plasmon, which has an energy (h/27t)co corresponding to predetermined plasmon momentum, with light.
An energy is inputted to low-dimensional plasmon by charging carriers of a low-dimensional Structure with a direct or alternative electric field, i.e. input of a direct or alternative current i, and the electric energy is converted to luminescence with a predetermined energy (h/2t).co. The line width of the emission spectrum can be narrowed by improving accuracy of the pitch D, thus reducing defect density in a crystal and Soon.
Low-dimensional conductive Structures are representa tively listed below:
(a) A Space-charge layer or a quantum well, which is formed (c) A 6-doped layer with high carrier density, which is formed inside a Semiconductor or dielectric.
(d) A one-dimensional structure, which has a confinement Structure nano-fabricated in a two-dimensional Structure Such as a Space-charge layer or a quantum well along a planar direction.
(e) A low-dimensional conductive structure with high density, which is formed in a conductive organic molecule, a conductive polymer, an oxide Superconductor and other organic Substances with one-or two dimensional Structures.
The low-dimensional conductive structures (b), (c) and (e) allow presence of plasmon with thickness similar to a monolayer, So that a periodic nanostructure is incorporated in a atomic sized Structural body. As a result, a Solid light-emitting element, which produces luminescence over a broad range from a far-infrared region to an ultraViolet region, can be fabricated in a size from Sub-nanometer to Several hundreds of nanometer Scale.
The following structures (A) to (C) may be used for coupling low-dimensional plasmon, which consists in the low-dimensional conductive Structure, with light.
(A) A periodic structure 5 (FIG. 4) , which is constructed from fine metallic wires, grooves or dots formed on a dielectric layer 4 in the vicinity of a low-dimensional conductive Structure by nano-fabricating, e.g. masked deposition, focused ion-beam processing or electron beam lithography.
(B) A low-dimensional conductive structure, which has a periodic nanostructure incorporated therein by Selection of a template substrate suitable for growth of a film and Self-organization of the film during growth. A low dimensional conductive structure 3 (FIG. 5) (C) A periodic structure (FIG. 6) , which is self-organized during epitaxial growth or polymerization of an organic molecule or polymer. A periodic structure, which is formed inside a conductive polymer Synthesized by Such the manner that functional groups as a Scattering center are periodically arranged, belongs to this group.
Especially, incorporation of the periodic structure (B) or (C) with Steps similar to height of a monolayer in the low-dimensional conductive structure (b), (c) or (e), wherein plasmon exists with thickness similar to the monolayer, is effective for enhancing combination of the plasmon with light.
Other features of the present invention will be clearly understood from the following Example, referring to the drawings.
Ag was deposited as a monolayer on a (111) Surface of Si to prepare a surface structure of Si (111) Greater plasmon energy was generated in case of a low dimensional Substance, which had Small dielectric functions 6, 6 and small effective mass m but high two dimensional carrier density N. The results prove that a light emitter, which can produce luminescence with an energy over a broader range, can be fabricated.
Aluminescent energy of (h/27t) () or hv can be generated by a periodic nanostructure, which has a periodicity D(= 2L/q), wherein a wavenumber q gives a plasmon energy of (h/2t)co or hv in a wavenumber-energy curve. Due to the periodic microStructure, plasmon is Surely coupled with an electric field accompanying the Structure, So as to produce luminescence of (h/2) () or hv. The produced lumines cence is detected by a photodetector 6.
A low-dimensional plasmon-light emitter according to the present invention as mentioned above has a periodic nano Structure incorporated inside or in the vicinity of a low dimensional conductive structure, which generates low dimensional plasmon. Since low-dimensional plasmon is Strongly combined with light due to incorporation of the periodic nanostructure, an inputted electric energy can be converted to luminescence with an arbitrary energy over a What is claimed is:
1. A low-dimensional plasmon-light emitter, which com prises:
